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Summary. Numerical simulations of the ignition process of methanol and n-
heptane droplets in a laminar convective environment are performed using detailed
reaction mechanisms and detailed transport models. The ignition delay time of a sin-
gle droplet is found to decrease with increasing velocity of the convective gas ﬂow.
This decrease is attributed to the steepening of the spatial gradients of the proﬁles
of physical variables, like species mass fractions or temperature. This steepening is
originated by a stronger gas ﬂow and leads to a speed-up of the physical transport
processes. A downstream movement of the local ignition point with increasing ﬂow
velocity is observed. For higher ﬂow velocities an ignition in the wake of the droplet
followed by an upstream ﬂame propagation is found. After ignition an envelope ﬂame
is formed. The structure of this envelope ﬂame is studied.
1 Introduction
For the understanding of spray combustion a detailed knowledge of the
processes associated with droplet ignition and combustion is required. Es-
pecially a detailed understanding of the basic physical and chemical pro-
cesses, like vaporization, transport and chemical kinetics, and their interac-
tion is of interest. The ignition or combustion process of single droplets in
a quiescent atmosphere has been investigated in detail both experimentally
and numerically for diﬀerent fuels, e.g. methanol [CCD90, CYD92, Sta92]
or n-heptane [HK90, TTN93, NKKN94, TKS+95, TBE+96, JA96, SDM98,
CD99, MDN99, SMC+00, MMKE05, CMBF+05, SLM06]. In all technical
applications fuel droplets are exposed to a convective environment and to
accelerating or decelerating forces. Therefore the inﬂuence of a convective
gas ﬂow and a relative acceleration of droplet and gas phase on the igni-
tion and combustion process of fuel droplets has to be investigated in or-
der to achieve a more reliable modeling of spray ignition and combustion
[TS90, DASN96, HC97, WYHW97, SDM98, YYWW00, AMG+01]. Ignition
delay times have been determined experimentally by Whang et al. [WYHW97]
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and Yang et al. [YYWW00] for n-heptane, n-hexadecane and i-octane and nu-
merically by Aouina et al. [AMG+01] for methanol and LOX (liquid oxygen)
droplets. The inﬂuence of gravitational acceleration on the ignition behavior of
droplets is discussed in [FO68, TKS+95, VCC+96, HC97, SMC+00, CGS+00].
In this study the ignition process of single methanol and n-heptane droplets
in a convective air environment is investigated. Detailed models for the phase
transition, the transport processes and the chemical kinetics are applied.
2 Numerical model
To investigate the interaction of the physical and chemical processes, detailed
numerical simulations are an eﬃcient tool, because they allow to evaluate
the contributions of chemical reactions, ﬂow, and molecular transport. The
presented model describes a spherical fuel droplet surrounded by an ambient
gas phase. The droplet is exposed to a laminar convective gas ﬂow. This system
is analogous to a moving droplet in a gas environment with a velocity which
is constant in time. The studied conﬁguration is assumed to have rotational
symmetry, and the resulting computational domain is shown in Fig. 1.
outflow boundaryinflow boundary
symmetry boundary
vz,∞
droplet surface
Fig. 1. Computational domain and boundaries
The governing set of equations is given by the compressible Navier-Stokes
equations for reacting ﬂows [HC49, BSL60, WMD01]. Assuming a cylindrical
symmetry, the results are independent of the azimuthal coordinate φ (Note,
that the axisof symmetry, i. e. the z-axis, is parallel to the direction of the
axisymmetric ﬂow.). Hence, the number of independent variables is reduced
to three, namely the time t, the axial coordinate z, and the radial coordinate r.
f = f(x, y, z, t)︸ ︷︷ ︸
3D
→ f = f(r, z, t)︸ ︷︷ ︸
2D
(1)
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The resulting equation system reads:
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The components of the stress tensor Π read [BSL60]:
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where ρ denotes the density, u the speciﬁc internal energy, ρi the partial
densities, p the pressure, ji the diﬀusion ﬂux density of species i, ωi the molar
rate of formation of species i, Mi the molar mass of species i, and jq the
heat ﬂux density. vr and vz are the velocity components in radial and axial
direction, respectively, and gr and gz the components of the gravitational
acceleration.
The system of the governing equations has to be completed by an equation
of state for both the gas and the liquid phase. The gas phase is assumed to be
ideal. In the liquid phase the Hankinson-Brobst-Thomson technique is used
to model the temperature dependence of the liquid density [HT79, RPP89].
The chemical kinetics of methanol is modeled by a detailed reaction mech-
anism of Chevalier and Warnatz [WMD01], consisting of 23 chemical species
244 R. Stauch, U. Maas
and 166 elementary reactions, and the chemical kinetics of n-heptane is mod-
eled by a detailed mechanism by Golovitchev [Gol04] with 56 species and 570
reactions. The transport processes are also modeled in detail. Fourier’s law
is used to determine the conductive heat ﬂuxes. For the determination of the
diﬀusion ﬂux density the approximation of Curtiss and Hirschfelder [HCB64]
is used. Details of the implementation of the transport model for the gas phase
can be found in [MW88]. Convection inside the droplet is neglected. The phys-
ical properties of the liquid phase and of the phase transition are determined
by the following correlations taken from Reid et al. [RPP89]: The correlation
of Latini and Baroncini is used to calculate the heat conductivities [LB83], the
approximation of Rowlinson and Bondi is applied to determine the speciﬁc
heat capacities of the liquid phase [Row69]. The vapor pressure is calculated
following the Wagner equation [WEP76], and the correlation of Riedel and
Watson is used to calculate the enthalpy of vaporization [Rie54, TS66, VK67].
At the inﬂow boundary (cf. Fig. 1) Dirichlet conditions are used
ρ = ρ∞, vr = 0, vz = vz,∞, wi = wi,∞, T = T∞ , (11)
and at the outﬂow boundary the conditions read:
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For the axis of symmetry we obtain
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A vaporization model accounts for the coupling of the liquid phase and
the gas phase. The assumption of a local phase equilibrium is modeled by
interface equations.
φvap =
− ∑
jvap
jgj −
∑
jvap
wj
∑
i
Ri +
∑
jvap
Rj∑
jvap
pjMj
pM¯
− 1
(14)
0 = ρ · vn − φvap −
∑
i
Ri (15)
0 = φvap (wi − i) + ji + wi
∑
j
Rj −Ri (16)
0 =
∑
i
i · φvap ·Δhvap,i + jgq,c − jlq,c +
∑
i
Ri(h
g
i − hli) (17)
φvap denotes the vaporization rate, wi the species mass fraction jvap the
index of the vaporizing species, pj the partial pressure of species j, M¯ the mean
molar mass, vn the velocity normal to the surface, i = m˙i/m˙ the fraction of
vaporizing mass, ji the diﬀusion ﬂux density of species i (gas phase), Δhvap,i
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the enthalpy of vaporization of species i, jq,c the conductive heat ﬂux density
and hi the enthalpy of species i. Ri is the surface reaction rate of species i,
which is 0 for the calculations presented here and has only been included in the
model for generality (e.g. to allow modeling of combustion of solid particles
with surface oxidation). More details can be found in [SLM06].
The governing equations are solved in a fully coupled way by the method
of lines using ﬁnite diﬀerence techniques. The equations are transformed into
boundary-ﬁtted curvilinear coordinates generated by Tomcat [TTM77]. The
ﬂux vector splitting upwind scheme of Steger and Warming [SW81] is applied
to calculate the inviscid ﬂuxes. The viscous ﬂuxes are discretized using second
order central diﬀerences in chain rule conservation law form [RMW93b]. The
time integration of the resulting diﬀerential-algebraic equation system is re-
alized by the linearly implicit extrapolation method Limex [DHZ87]. Details
on the numerical solution can be found in [RMW93b, RMW93a, AMG+01].
3 Results and Discussion
Based on the model presented above the auto-ignition of single methanol and
n-heptane droplets in a laminar convective environment has been simulated
for varying conditions of ambient gas temperature and ﬂow velocities. The
surrounding gas phase consists of air in all cases. The ambient pressure is
p = 7bar. The ambient gas temperature varies between T = 1000K and
T = 1500K.
For the auto-ignition of a fuel droplet it is important to know how the igni-
tion process is inﬂuenced by the gas ﬂow. In contrast to the microgravity case
the ﬂame zone does not have a spherical shape anymore [HC97, WYHW97,
AMG+01]. Furthermore, the ﬂow has an important impact on the ignition
process. This can be seen for a methanol droplet in Fig. 2. The ﬂame position
is deﬁned as the location of maximal OH-concentration. The gas ﬂows from
the left to the right. With increasing ﬂow velocity, the shape of the ﬂame
deviates more and more from a spherical shape. The extension of the ﬂame
in x-direction increases with increasing gas velocity. At the same time the
extension in y-direction becomes smaller. Furthermore, it is remarkable that
the maximal OH-concentration increases with increasing ﬂow velocity. This
can be attributed to faster mixing of the fuel with the oxidizer. The max-
imum OH-concentration is located at the stagnation point upstream of the
droplet. On the other hand the maximum OH-concentration downstream of
the droplet decreases with increasing ﬂow velocity. As can be seen in Fig. 2
the droplet is surrounded by a non-premixed ﬂame.
In Fig. 3 the dependence of the ignition delay time for a methanol droplet
on the inﬂow velocity in terms of the Reynolds number is shown, where the
Reynolds number is deﬁned as: Re = ρairvair · dD/μair with dD as the droplet
diameter, and ρair, vair, and μair as the density, the velocity, and the viscosity
of the ambient air, respectively. A signiﬁcant decrease of the ignition delay
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Fig. 2. Change of the ﬂame structure with increasing gas velocity (methanol,
Tg = 1400K, p = 7bar, rD(0) = 200μm, t = 9ms, ﬂow from the left to the right)
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Fig. 3. Dependence of the ignition delay time for a methanol droplet on the
Reynolds number (p = 7bar, rD(0) = 200μm)
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Fig. 4. Dependence of the inverse normalized ignition delay time of a heptane
droplet on the Reynolds number (p = 7bar)
time with increasing ﬂow velocity can be observed. As one can see a variation
of the ﬂow velocity by an order of magnitude has a comparable eﬀect on the
ignition delay time like a variation of the gas temperature by ±100K.
Figure 4 shows the dependence of the normalized reciprocal ignition delay
times for a heptane droplet on the ﬂow velocity for three diﬀerent gas tem-
peratures. Again an increase of the inverse ignition delay time with increasing
Reynolds number is observed. The normalized reciprocal ignition delay times
for Tg = 1200K show a smaller slope, because a radius of rD(0) = 100μm
has been chosen and the Damko¨hler number is smaller for smaller droplets.
In general the ignition delay times of heptane droplets depend less on the gas
ﬂow, which can be attributed to a smaller Damko¨hler number in this case.
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Even if the ignition starts downstream of the droplet, the ﬂame zone prop-
agates upstream and forms an envelope ﬂame. This behavior is important in
technical applications, because in most sprays ignition is initiated downstream
of the droplets [WLY97].
Figure 5 shows this behavior for the ignition of a methanol droplet. The
left ﬁgure shows the temperature ﬁeld at the end of the ignition. The arrow
indicates the subsequent propagation of the ﬂame zone, which is shown in the
two other ﬁgures. The right ﬁgure shows the ﬂame when it is located close to
the droplet. After that the ﬂame propagates further upstream, and forms an
envelope ﬂame.
The ignition location is governed by the ﬂow velocity. The local point of
ignition moves gradually from the upstream region of the droplet at lower
velocities to the wake of the droplet for increasing ﬂow velocities. This is
illustrated in Fig. 6, in which the diﬀerent points of ignition depending on
the gas ﬂow velocity are shown for the example of a methanol droplet. In all
investigated cases up to a ﬂow velocity of 5m/s after ignition the formation
of an envelope ﬂame can be observed. Heptane shows a similar behavior
as can be seen in Fig. 7. For low velocities the ignition occurs upstream,
too, and moves downstream with increasing gas velocity. Nevertheless, the
quantitative behavior is diﬀerent due to the diﬀerent chemical time scales
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Fig. 5. Upstream propagation of the reaction zone after an ignition downstream
of the droplet (methanol, Tg = 1400K, p = 7bar, rD(0) = 200μm, v = 3m/s, left :
t1 = 2.80ms, right : t2 = 2.92ms, bottom: t3 = 3.04ms)
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Fig. 6. Dependence of the location of the ignition point on convective velocity of
gas ﬂow (methanol, T = 1400K, p = 7bar, rD(0) = 200μm)
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Fig. 7. Location of the ignition for diﬀerent gas velocities (n-heptane, Tg = 1200K,
p = 7bar, rD(0) = 100μm)
of the two fuels. These ﬁndings show resemblance with the observations of
Whang et al. [WYHW97], who observed the formation of an envelope ﬂame
in all studied cases of n-heptane and n-hexadecane droplets.
4 Conclusions
The auto-ignition process of methanol and n-heptane droplets in a convective
environment is investigated numerically. The simulations are performed by
the developed tool Flame2D by solving the governing equations of the gas
and the liquid phase in a fully coupled way including a detailed vaporization
model, a detailed transport model, and a detailed reaction mechanism.
The inﬂuence of a gas ﬂow on the ignition process is investigated. The
ignition delay time decreases with an increasing velocity of the gas ﬂow veloc-
ity for diﬀerent ambient gas temperatures. The ignition process as a whole is
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quite remarkably aﬀected by a modiﬁed gas ﬂow velocity. With an increasing
ﬂow velocity the location of ignition is moving from upstream the droplet,
around the droplet to the wake of the droplet.
To investigate the upstream ﬂame propagation and the characteristics of
the envelope ﬂame in more detail for conditions of practical relevance, simu-
lations have to be performed with lower gas ﬂow velocities at lower ambient
temperatures where the chemical kinetics plays a major role for the time scales
of the ignition and combustion process of a droplet. This involves a consid-
erable increase of computing time. Therefore, the further improvement of the
numerical solution of the governing equations with respect to a speed-up of
the solution procedure is subject of future work.
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